Microstructure versus substructure size effect.
INTRODUCTION
In principle, size effect on flow stress is described by T/D ratio, i.e. the thickness of the specimen over the average grain diameter (the number of grains over the cross-section of the specimen). Under such circumstances, Hall-Petch equation needs modification to be able to explain metal deformation with respect to the specimen microstructural dimension.
Chan and Fu 1 reported that at a given grain size, decreasing the specimen size reduces the grain boundary volume fraction, which in return affects the grain boundary strengthening effects. Moreover, smaller specimens could generate a lower dislocation density inside the grains to accomplish deformation. Therefore, both grain size and specimen dimensions contribute to the grain strengthening and overall material behavior during the forming process 2 . Based on this fact, a modified Hall-Petch equation was reported considering the interaction effects of specimen and grain size for fully annealed samples.
In another attempt, Hug and Keller 3 found that dislocation cells exhibit a delay in their spatial arrangement for the specimen with a small T/D ratio.
In contrary, there exist a number of studies depicting opposite behavior; namely micro-bending of pure Ni 4 , demonstrated raise in strength with decreasing the specimen size. Prior to that, Hahn et al. 5 had studied the grain size effect and proposed the grain boundary sliding as the dominated deformation mechanism in nanostructured metals vs. crystallographic-slip-dominated mechanism in conventional metals as an explanation for such behavior. They reported this fact as the reason for contradicting results on the mechanical properties of nanomaterials and according to that modified the Hall-Petch model with taking the grain boundary thickness into consideration for ultra-fine grained structures 6 . The interactive grain-specimen size effect, however, was not considered.
It is interesting noting that the material used in all the previous work was fully annealed before forming. This implies that the initial dislocation structure of all the previous studies was the same, with almost no initial dislocation cells or subgrain developed in the microstructure before forming, thus ignoring the possible subgrain size effect.
The aim of this study is to represent an in-process (specimen-grain) size effect and compare it to the postproduction (specimen-subgrain) size effect in the micro-component. The interactive effect of grain and specimen dimensions on the mechanical behaviour during a progressive microforming process was investigated. The produced micro-components were analyzed for understanding the subgrain dimensions effects on the mechanical properties. Electron Backscatter Diffraction (EBSD) analysis was used to study the microstructural and substructural size effects.
EXPERIMENTAL
Electrical Tough Pitch (ETP) C11000 copper (99.94%) strips, in the as-received cold-rolled condition, with the mean grain size of 14±4 μm were used in this study. Two different strip thickness of 0.5 mm and 2.5 mm were chosen for this study. The strips were annealed at 400, 600 and 800°C in a Lenton tube furnace under vacuum of 10 5 mbar using a ramp of 3 °C/min for 1h. This was used to study the grain size and specimen size effect on the process.
A progressive microforming process was used for the manufacturing of micro-pins, employing sheet/strip metal extrusion and blanking. It is important to note that the forming process is an open-die process, since we use a strip metal as the feed for the extrusion process and not a billet. More details of the process can be found in 7 . A punch of diameter 2.0 mm was used for production of the 0.3 mm pins. All the experiments were done in dry condition. The strips regardless of their initial thicknesses were punched till 0.2 mm of the remaining thickness. The micro-pins dimensions were measured using micrometer caliper as well as digital microscope.
A programmable servopress (SCHMIDT ServoPress 420) was used for the deformation process. The loaddisplacement behavior of the punch was monitored by the machine precisely, with resolution data acquisition of 0.01kN for the force and 0.005mm for the displacement.
To study the effect of substructural dimension on the post-production component properties, a batch of micro-pins was recovery-annealed (RA) at 230 C for 1 hr; to annihilate the dislocation structure.
A JSM-7600F Field Emission Scanning Electron Microscope (FESEM) equipped with an Oxford Instruments EBSD system was used at accelerating voltage of 15kV with a working distance of 18 mm and a 70° tilt angle using step size of 0.2 μm. For the data sets obtained from EBSD mapping, all the fractions of successfully indexed data pixels were higher than 70%, without any cleanup process. The high angle grain boundaries (HAGBs) were considered grain boundaries with misorientations above 15 , and low angle grain boundaries (LAGBs-subgrains) were considered as grain boundaries having misorientation between 2 to 15 .
RESULTS AND DISCUSSION

In-process (grain) size effect
As can be seen in Table 1 , there is a good range of grain sizes for investigation. The mean grain size for each annealing condition could be found by multiplying the strip thickness to the mean number of grains over the thickness. The 2.5 mm strips were used to study the grain size effect, while the 0.5 mm strip with coarse grains was used to investigate the grain-specimen size effects. It was found that the initial grain size had negligible effect on the maximum force required for micro-deformation, but it affected the deformation energy (Fig. 1) ; i.e. by increasing the initial grain size, the required forming energy (area under the curve) was decreased. Important to note that the load-displacement curve for the as-received material is only shown for reference and not for comparison. In addition, the grain size of the produced pins were different from the grain size of the initial strips, as will be discussed in the coming sections (Table 1 and Table 2 respectively).
The same trend was seen for the thinner strips; the maximum required force was almost the same (i.e. 25 kN). This is due to the fact that the majority of metal forming occurs at the last stage of the process (i.e. forward extrusion) 8 . Figure 2 proves this fact again by comparing the pin height produced using thick and thin initial strips. This figure implies that more than 70% of the pin was formed during the last 0.5 mm thickness. This fact has been used before for process optimization 9 . 
Post-processing (subgrain) size effect
Micro-compression test showed no significant specimen-grain size effects on the mechanical response of the asformed micro-pins (without RA; as-formed), since the standard deviations overlapped (Fig. 3 ). There is a small 090001-3 difference between the flow stress of the as-received and 800°C results, which is attributed to the Hall-Petch relation 10 . Such a result indicates no size effects with regards to the mechanical properties of the pins, under these circumstances. Mechanical response of the RA micro-pins, however, showed a different behavior as plotted in Fig. 3 . A decline in the flow stress for each pin can be noticed, especially for the samples annealed at 800°C. The reason behind this behavior is related to the difference in dislocation annihilation in RA and as-deformed samples. More specifically, the RA samples have less dislocation density, and thus the work hardening behavior is different compared to the deformed samples.
The consistency of the results with the Hall-Petch equation 10 for the as-formed micro-pins is shown in Fig. 4 , with a linear relationship (with R 2 value of nearly equal to unity) between the flow stress and the inverse square root of the grain size. In comparison, for the RA micro-pins, since the number of subgrains across the diameter is below the critical value, size effect is more significant on the mechanical behavior (Fig. 3) . This is shown quantitatively with the R 2 values, which are relatively lower than those of Fig. 4 .
In Hall-Petch relation, the strengthening coefficient of k, explains the significance of the role of the grain size on the overall mechanical properties. As can be interpreted from Fig. 4 , recovery annealing leads to a relative increase in the k value, for the whole strain range. This indicates that removing the dislocation structure by recovery annealing increases the sensitivity of the mechanical properties on the grain size. In other words, in recovery annealed specimens, by increasing the grain size, there will be relatively more changes on the mechanical properties, compared to the asdeformed specimens. 
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EBSD analysis
To justify the above-mentioned behavior, the substructure at the middle of both types of micro-pins was investigated using EBSD mapping (Fig. 5) . The main purpose for such analysis was to compare the micro-and substructural dimensions quantitatively. The same measurement was done for all samples, and the results is presented in Table 2 . As reported by Keller et al. 11 , the size effect would be only obvious if the number of grains over the cross-section of the metal goes below the critical number, which is around 6 for copper 12 .
Comparing Table 1 and Table 2 , the number of grains over the diameter of the micro-pin is smaller than the number of grains over the initial strip thickness due to 2 reasons: (i) the overall pin diameter is smaller than the strip thickness; (ii) heavy shear deformation could lead to grain fragmentations. a b
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As shown in Table 2 , the number of grains over the diameter of the micro-pin (NG= Pin diameter over grain size) decreases down to below the critical value for the copper in both cases of the RA and as-formed micro-pins. However, in the as-formed micro-pins (without RA), since the number of subgrains over the diameter (NSG) is relatively higher than the critical value, no size effect has been seen. In comparison, for the RA micro-pins, since the number of subgrains across the diameter is below the critical value, size effect is more significant on the mechanical behavior (Fig. 4) .
This implies the importance of the number of subgrains rather than grains over the cross-section of the component for determining the size effect on mechanical behavior, which has not been addressed in literature by now. It can be also a reason for contradicting reports on size effects in the literature 13 .
CONCLUSIONS
With respect to the in-process mechanical response of the metal and also the final part dimensions, extrusion processes can be introduced as processes which are not very sensitive to the grain size effect. This is another remarkable advantage of this technique compared to existing microforming processes, making this process more suited to be used for mass production.
Examining the post-production size effects, it was shown that decreasing the number of grains over the pin diameter will not always cause a size effect on post-production mechanical behavior. Instead, the relative substructural dimensions must be considered. In this case, recovery annealing in coarse grained micro-parts caused a deviation from the Hall-Petch equation in studying the mechanical properties, due to the coarsening of subgrain dimensions.
